The Role of Commensal and other Non-Pathogenic
Bacteria

Subjects: Microbiology | Evolutionary Biology | Ecology

Contributor: Francisco Dionisio, Célia Domingues, Jodo Rebelo, Francisca Monteiro, Teresa Nogueira

Not only pathogenic bacteria are reservoirs of antibiotic resistance and virulence genes. Opportunistic pathogenic
bacteria, commensal bacteria, and mutualistic bacteria (here named non-pathogenic for simplification) may also carry
resistance and virulence genes. However, contrary to pathogenic strains, which are the target of the immune system, non-
pathogenic bacteria can colonize hosts for prolonged periods because hosts do not need to be rid of them. Thus, the
basic reproductive nhumber of a non-pathogenic bacterial strain, a measure of the strain’s fitness and denoted as Ry, is
likely to be much higher than one. That is, the expected number of colonized hosts by a single colonized host in a
population not yet colonized by that strain is higher than one, which implies that this strain can spread exponentially
among hosts. This spread has peculiar consequences for the spread of virulence and resistance genes. For example,
computer models that simulate the spread of these genes have shown that their diversities should correlate positively
throughout microbiomes. Bioinformatics analysis with real data corroborates this expectation.
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| 1. Brief Review of the R, the Basic Reproductive Number

A central concept in the epidemiology of infectious disease transmission is the basic reproductive number: also called the
basic reproduction number or basic reproduction ratio. It is the expected number of infected individuals by a single
infected individual in a susceptible population. Denoted as Ry, this number is a measure of the pathogen’s fithess but is
also a threshold that characterizes the epidemic potential of the disease because: if Ryg>1, the pathogen continues its
propagation through susceptible hosts, with the number of infected hosts increasing exponentially; if Ry<1, the number of
infected hosts decreases exponentially, and the pathogen is extinct. The number of infected hosts is stable in the unlikely
case where R, equals one W2,

Ro is a dimensionless number defined as Ry=B-c-d, where 3 is the probability of infection if an infected individual contacts
a susceptible one, c is the number of contacts between infected and susceptible individuals per time unit, and d is the
duration of the infectious period. Its mathematical formula shows that Ry is proportional to the mean duration of infections
d. This period decreases when the intrinsic mortality (i.e., mortality not caused by the pathogen) increases, the pathogen-
induced mortality increases, and the rate at which the host recovers (e.g., through immunity) increases. When the
colonizing agents are pathogens, typically, either the hosts die or manage to clear the pathogen. If the host's death or
recovery is quick, the Ry of the pathogen is lower than if the pathogen remains a long time in the host. Therefore, there is
something peculiar about non-pathogenic microorganisms with public-health consequences.

Non-pathogenic agents do not cause host death, and the hosts do not need to eliminate them. Consequently, commensal
or mutualistic bacteria, including those harboring drug resistance or even a few virulence genes, may colonize their hosts
for longer, so their R is prone to be larger than one. This conclusion may impact public health because an R larger than
one implies that the microorganism may spread through the host population, and as mentioned above, non-pathogenic
bacteria may harbor non-housekeeping genes and mobile genetic elements such as virulence and resistance genes.

Even if newly arrived non-pathogenic bacterial cells cannot persist in a microbiome for more than a few days, its mobile
genetic elements can have several opportunities to transfer to one of the other established cells in that microbiome EI4I&]
and may thus remain there for a long time. This is possible due to the presence of hundreds of bacterial species in many
microbiomes, including the human gut, and because bacteria can receive foreign DNA through three primary
mechanisms: (i) transformation, where bacteria directly uptakes DNA from the surroundings & (ii) transduction, where
bacteriophages bring DNA from their previous hosts [4; and (jii) bacterial conjugation, where bacteria receive conjugative
plasmids or integrative conjugative elements from neighboring cells . A bacterial cell can uptake DNA from



phylogenetically distant bacteria cells, and conjugative plasmids can transfer between cells belonging to different bacterial
species [, Therefore, pathogenic and non-pathogenic bacteria can share a gene pool that includes virulence and
resistance genes.

Moreover, some bacterial populations containing neither mobile genetic elements nor virulence or resistance genes can
become great “amplifiers” of these genes after receiving some plasmids. Some bacterial strains are excellent donors of
conjugative plasmids being able to “amplify” it among them while quickly transmitting the plasmid to other cells in a
microbiome AL These amplifiers are present among strains of Escherichia coli and other enterobacterial species 19,
among soil bacteria 1, and most probably in the majority of microbiomes.

| 2. The Human Network of Physical Contacts
2.1. Brief Review of Small-World Networks

People establish many networks involving physical contact with each other through family relationships, friendships,
sexual relationships, and many others. Networks have nodes (or vertices) and edges (connections). For example,
consider the “handshaking” network in which each node is a person, and two persons are connected in this network if they
had at least a handshaking, e.g., last year. In a typical network established by people, each person connects to a tiny
subset of another person included in that network.

In some networks involving people, if a given person connects to two others, these two persons are likely connected to
each other, but each person can reach most people (through the network’s connections) by a small number of
connections. The last sentence sounds somewhat contradictory, but it is not — strikingly, many networks established by
people are similar to this —the so-called small-world networks— and it will be discussed how that is relevant to
understanding microorganisms’ spread.

Researchers first consider a regular network and then change it to make it a small-world network. Consider, for example,
the network of friendships. For clarification, let people assume that individuals in a population are organized in alphabetic
order in a very large circle: A, B, C, ..., Y, Z, AA, AB, ... and that all individuals have precisely four friends. In this network,
each individual has someone else on his/he right and his/her left. Frequently, if individual C is a friend of two individuals
on his/her right, A and B, and the two individuals on his/her left, D and E, then probably B and D are friends of each other,
and Aand B or D and E.

Meanwhile, D is a friend of B, C (right), E, and F (left), so B and C are friends to each other, as well as E and F, and so on.
Therefore, the clustering of these networks’ nodes (people) is high. If all friendships were similar to this, the friendships’
network would be regular. In such a network, if, for example, individual G has an exciting gossip, it takes nine steps to
reach, say, individual X. These nine steps are the following: G first informs I, which would transmit the story to K, then M,
0O, Q, S, U, V, X. Of course, some exceptions to the regular network of friendships may substantially impact information
spread. For example, according to the rule described above, individual K may be a friend of I, J, and L. Nevertheless, in
this new network version, the fourth K's friend is Z, not M. With this exception, the network is no longer a regular one. In
this case, a gossip would take just four steps to progress from G to X (G => | => K => Z => X). With a few more changes
in other individuals, such as the one researchers introduced in K, the network becomes a “small-world” network. In small-
world networks, the clustering of nodes (people) is high, but the path of friendships between any human being is short.
Rumors may spread in regular networks, but the speed would be much higher in small-world networks 12,

What makes small-world networks so relevant to epidemiology? As mentioned above, if people organize themselves in
small-world networks, the spread of information is fast because, although most people do not have direct contact with
each other, most can be reached in a few steps. Suppose physical proximity or even contact is involved in these
networks. In that case, microorganisms may quickly spread because the typical distance between two randomly chosen
people (the network nodes) grows proportionally to its logarithm 12! instead of the number of people in the network as in
regular networks. This difference is relevant because the logarithm function grows much slower than a linear function. For
example, when a given variable X increases from one to a billion (i.e., from 1 to 10%), Log;oX goes from zero to nine only.
Therefore, in small-world networks, the path between two random persons is low, even if the network contains millions or
billions of people.

Of course, people spontaneously build other contact networks. For example, people in working place are not necessarily
friends, but you contact them daily. These networks, which usually involve physical proximity or sharing a working
environment, may be relevant concerning the microorganisms’ evolution or spread. For example, previous studies have
shown that the shorter path lengths in small-world networks increase the effectiveness of natural selection while



maintaining the fittest clones in bacterial populations because the probability of encounters between individuals is higher
than in regular networks (131141,

Liljeros et al. studied the web of human sexual connections among 2810 adult Swedish people and found that those
connections defined a scale-free network L3181 |n scale-free networks, the distribution of links in each node follows a
power law 4. In the case of the network of sexual contacts, p(k) describes the proportion of people with k sexual
contacts in the previous year, p(k)=c-k™®, where ¢ and a are positive parameters. Therefore, all people in that Swedish
database had at least one sexual partner in the previous year, but a lower fraction had two partners; an even lower
fraction, some people had three sexual partners, and so on. Power-law distributions characteristically decreased slowly,
so some individuals had 20 partners in the previous year. These few individuals are “hubs” of this network, which is
relevant, for example, for sexually transmitted diseases (26],

2.2. Power-Laws and Scale-Free Networks

Power-laws are mathematical functions such as x9, where x is the independent variable and g is a negative or positive
constant. They are common in physical laws; for example, the gravitational force between two bodies decreases with
distance d according to a power law proportional to d=2. Similarly, the electric force between two charged bodies falls with
d=2.

In microbiology, researchers also find power laws. For example, the mutation rate per replication per nucleotide of DNA-
based microorganisms decreases with the genome size according to p=c-G™P. Because B=1, this equation means that the
mutation rate per replication per nucleotide is inversely proportional to the genome size (that s
pu=c:Gl or u=c/G or u-G=c) so that the mutation rate per replication per genome is a constant
(c is around 0.003 or 0.004): this is Drake's rule L8920 Another example of power-las in microbiology concerns the
death rate of persister bacterial populations in the presence of a bactericidal antibiotic. Some authors have argued that
the death rate of persister populations of some strains follows a power law with an exponent close to -2 (2122 A power-
law decay is slower than an exponential decay, which means that bacterial cells under antibiotic exposure decay
according to a power law can persist alive for longer, sometimes causing health problems and persistent food
contamination.

Concerning the spread of microorganisms through human-contact networks (i.e., with people as nodes), it is relevant to
know if the networks are scale-free, that is, if the proportion of people with a k connection follows a power-law distribution.
That would mean that a non-negligible proportion of people have many connections, as it is seen with the web of sexual
contacts 251, However, there are more examples of scale-free networks relevant to epidemiology.

In 2006, Brockmann et al. found something striking concerning the dispersal of banknotes in the USA. They studied
banknote dispersion as a proxy of people traveling. As intuitively expected, most banknotes travel less than 10 km in four
days; also, according to intuition, the number of banknotes detected further away decreases when the distance increases.
Gaussian or Exponential distributions would mostly predict that none or very few banknotes travel more than a few
hundred kilometers. However, contrary to common intuition, many banknotes travel thousands of kilometers in those four
days. Banknote traveling follows a decreasing power law (23], The transactions of these banknotes may be twofold in their
relevance to epidemiological studies: (i) banknotes move between physically close people, enabling cross-contagion with
microorganisms; (ii) banknotes may carry microorganisms, so a person may contaminate another one without being
physically close.

Tracking the position of 100,000 mobile phones for six months provides a similar distribution 24, Most mobile phones only
travel a few kilometers, and the proportion of phones traveling decays when the distance increases. A non-negligible
number of cell phones traveled hundreds of kilometers. As it is seen for banknotes, the overall traveling of mobile phones
follows a decreasing power law. These long-distance traveling people (measured through their banknotes and mobile
phones) may constitute relevant microorganism spreaders.

As it is seen, networks where the proportion of people with k connections decreases according to p(k)=k™® where a is a
positive fixed number, are epidemiologically relevant. However, concerning the diseases’ spread, some are even more
relevant such as those power laws where the parameter a is between two and three. Researchers have seen above that
a suitable parameter commonly discussed in epidemiological studies is that of Ry, which informs people how many people
a single infected person will transmit the infection to on average in a fully susceptible population. Strikingly, there is no
such threshold in networks whose connections between people follow a decreasing power-law distribution with 2<a<3.
Therefore, an epidemic spread may occur even with low rates of disease transmission between the hosts 23281, Networks
with a<3 have very high standard deviations in terms of the number of connections to each node. Therefore, in the context



of the equation Ry=p-c-d, the number of contacts between infected and susceptible individuals per time unit, ¢, may also
be extremely high.

If the human population network structure (small word, sometimes following a power-law distribution) somewhat facilitates
microorganism spread, why do novel pathogens not almost instantly infect humans worldwide? In the case of scale-free
networks, the a parameter mentioned above is sometimes lower than two or above three. For example, it is seen above
that, in the case of sexual partners in the previous year, that a is slightly higher than three 1218l with the o parameter
outside that interval, the network is still a small world, but there is an epidemic transition value 27 Moreover, real-life
scale-free networks are finite (i.e., have a limited number of people), which implies that, even if the a parameter falls
between two and three, there is a non-null epidemic threshold.

Moreover, humans do not become infectious immediately after contagion, which may take a few days, depending on the
disease. Furthermore, people are not permanently in contact with each other, particularly if they feel ill. Additionally,
people, medical doctors, and the government commonly implement measures to halt disease spread. Even so,it is seen
that with, for example, the COVID-19 pandemic, and despite arduous efforts employed by the governments of several
countries, two and a half months (between December 2019 and the first days of March 2020) were sufficient to spread the
SARS-CoV-2 virus to most countries worldwide. Governments employed compulsory confinements and other demanding
measures because COVID-19 would kill many people and cause morbidity to many others [28],

3. Selection and weak Counter-Selection of Virulence and Resistance
Genes

Proteins encoded by virulence genes—e.g., toxins and cell surface proteins that enable bacterial attachment to host
tissues, among others—can help bacteria colonize hosts 29, Therefore, newly acquired virulence genes may not affect
fitness or confer immediate advantages to bacteria, while recently acquired resistance determinants often impose a
fitness cost on the bacterial cell. Therefore, these gene types may have different effects on their new hosts when newly
acquired. However, the claim that resistant determinants are costly is somewhat complex.

The fitness costs of drug resistance determinants may evolve towards lower values or even become zero. For example,
compensatory mutations often arise and diminish or even eliminate the deleterious effects of resistance mutations BE1

(32][33][34)(35][36][37][38](39][40] Moreover, resistance determinants (mutations or plasmids) can decrease the fitness cost of
other resistant determinants, e.g., through epistatic interactions 4142431 Fyrthermore, plasmid—plasmid interactions may
facilitate plasmid transfer 441451461 sometimes compensating for plasmid costs 27481,

Sometimes compensatory mutations arise in the resistance-encoding mobile genetic element, not the bacterial
chromosome. In this case, when moving into another bacterial host, this genetic element carries both the resistance gene
and the compensatory mutations, therefore imposing no cost on its new host 381491,

A recent study involved 9275 patients during hospital stays over two years at the Ramon y Cajal University Hospital
(Madrid, Spain). Alonso-del Valle et al. measured the cost of pOXA-48_K8: a naturally isolated plasmid. This plasmid was
the most successful pOXA-48-like plasmid in an extensive collection of extended-spectrum R-lactamase- and
carbapenemase-producing enterobacteria isolated from the gut of 105 out of those 9275 patients (1.13%). The authors
introduced this plasmid in 25 isolates of Klebsiella pneumoniae and 25 of Escherichia coli naive to the pOXA-48_K8
plasmid to determine the distribution of fithess effects on the plasmid in those 50 strains. These strains were isolated from
patients coinciding on the hospital ward with others colonized with bacteria harboring pOXA-48-like plasmids 59,

As expected, the plasmid imposed a fitness cost to bacterial cells: a mean cost of 2.9%. Although small, this effect is
statistically significant. However, individual values varied considerably. Most fithess effects were null, and the authors only
observed a fitness cost in 14 strains (28%). Interestingly, the plasmid conferred a fithess advantage to the host in seven
strains (14%) B9 It is crucial to note that, even if the plasmid decreases bacterial fithess in 28% of the strains, the plasmid
can succeed and “amplify” in the other 58% of the strains where the plasmid is neutral or among the 14% where the
plasmid confers a fithess benefit [LALLEL],

Alonso-del Valle et al. measured the fithess of plasmid-bearing strains through competition assays. This method is
appropriate because it mimics the real competition taking place between plasmid-bearing and plasmid-free cells in the gut
microbiota. These competition assays were performed in agitated liquid media to avoid plasmid transfer into the
competitor B4,



All the accumulated knowledge about the cost of resistant determinants points in the same direction: even if plasmid-
encoded resistance determinants impose a fitness cost to naive recipient cells, soon the cost diminishes or disappears.
Therefore, resistant cells may avoid being outcompeted by sensitive cells after a critical adaptation period to a resistance-
encoding gene.

One must remember that human tissues and the gut are structured media with minimal or no agitation. In such
environments, plasmids can transfer to neighboring naive cells. Possibly, the plasmid imposes a fithess cost to their
neighbors, leaving resources to the donor cells. Therefore, even if plasmids are costly in the donor cells, these may
succeed by imposing fithess costs on adjacent competitors, acting as harmful agents 22, This harming behavior is
advantageous to donor cells for the following reasons B2 (i) donor cells have already adapted to the plasmid presence
due, for example, to compensatory mutations 2%: (ii) the plasmid transfers to recipient cells (transconjugant cells); (iii)
these cells are not adapted to the plasmid presence because they never harbored it; (iv) these non-adapted
transconjugant cells replicate slower and use fewer resources than before the plasmid arrival; (v) donor cells may uptake
the unused nutrients and replicate.

Furthermore, it is interesting to note that, just because they are transferable (and not due to the gain of additional genes),
conjugative plasmids may have an adaptive value to their hosts, not only as harmful agents, as explained above B2, but
also as promoters of bacterial biofilms, which confer protection against antimicrobials 4Z531[54]

Therefore, epidemiological or evolutionary studies of antibiotic resistance must assume that resistance genes are
widespread worldwide. For over eight decades, tons of antibiotics have been used and thrown into the environment 21,
The prolonged use of these drugs has promoted the clonal expansion of resistant cells and the worldwide spread of
resistant clones and putative mobile genetic elements carrying resistance genes. Not surprisingly, nowadays, many
metagenomes, including human and environmental ones, contain resistance genes; sometimes, this includes a diverse
set of those genes as well as virulence genes B8],

| 4. The Diversity of Virulence and Resistance Genes across Microbiomes

Researchers have argued above that non-housekeeping genes are somewhat free to spread within and between
microbiomes (namely between people). Some people may use antibiotics, which select virulence genes that are present
in resistant cells and resistance genes but counter-select other genes, including those that confer resistance to unrelated
antibiotics and virulence genes encoded in bacterial cells susceptible to the used drug.

The use of antibiotics by sick people may select antibiotic-resistant pathogens, which, by definition, encode virulence
genes. Perhaps this is why several studies have shown antibiotic and virulence genes co-occurrence in bacterial
genomes BABEISY |n general, one could predict that the continuing use of tons of antibiotics through the decades would
co-select virulence and resistance genes. However, it is also manifest that the administration of antibiotics hits several
other bacteria, namely commensal and mutualistic bacteria, in the human microbiome [601(61162] * poreover, the use of
antibiotics as growth promoters in livestock and agriculture or with prophylactic purposes may select resistant cells
independently of whether or not they encode virulence genes 3!,

Paradoxically, however, the diversity of resistance genes correlates positively with the diversity of virulence genes across
human and environmental microbiomes B8: microbiomes with a high diversity of one class of genes tend to have a high
diversity of the other class. However, Darmancier et al. studied 16,632 bacterial genomes and concluded that no such
positive correlation exists at the level of genomes, neither across chromosomes nor across plasmids B4 The results of
these two studies (references [28164ly are compatible if, and only if, metagenomes with a high diversity of both gene types
have those genes mostly located in different genomes. Why should there be a positive correlation at the level of
metagenomes but not at the genome level?

In the previous two sections, it has been argued that virulence and resistance genes have conditions to remain in
metagenomes for a long time. Each person receives diverse genes of both types during this period, accumulating them in
their microbiomes, although not necessarily in the same bacterial cells. Meanwhile, pathogenic bacteria circulate through
the human population. Some of those ill people take an antibiotic, which selects cells resistant to it but kills susceptible
cells, including those resistant to other drugs. Therefore, a consequence of taking the antibiotic is a decrease in the
diversity of drug-resistance genes 821, Moreover, virulence genes are present in dead cells, decreasing their diversity. This
process implies that people who took antibiotics recently are those with the lowest diversity of both resistant and virulence
cells (8. On the other hand, those that took antibiotics a long time ago have the highest diversity of both gene types [€8l,
The overall result is a positive correlation between the diversities of both gene types across human microbiomes [281(68],



What if there is a misuse (and overuse) of antibiotics, where some people use them even if they are not infected by a
bacterial pathogen (or are randomly in contact with antibiotics from environmental contamination)? The process is very
similar to the one described above, and the overall result is the same: a positive correlation of both genes’ diversities.
These are the predictions if the probability that a metagenome loses resistance determinants is lower than the
transmission probability between people B8], It has been seen above how unlikely it is that metagenomes lose resistance
determinants, so the transmission probability between people must prevail or even the contamination of people from the
environment or, for example, non-cooked vegetables (67,

A computer model enabled the analysis and corroboration of the above predictions €8], The model simulated the transfer
of pathogenic bacteria and one hundred categories of resistance and virulence genes. Simulations ran with different
network types (regular, small-world, and random), and the results were always similar (the only difference being that the
simulations reached stable results much sooner in small-world and random networks than in the regular network as
expected, and according to explanations given above). Control simulations included changing the number of interacting
people, the number of virulence and resistance genes, the relative probabilities of losing genes and acquiring them
through contacts, or even changing the initial number of people already containing virulence and resistant genes,
providing similar results 8. The main findings of these simulations were:

(i) People that have used antibiotics recently have a lower diversity of drug-resistance genes and virulence genes in their
microbiome;

(i) Antibiotic overuse decreases the diversity of antibiotic resistance and virulence genes in the human microbiome;

The discussion above predicts the co-location of resistance and virulence genes in the same microbiome, mainly in
people that used antibiotics a long time ago. These simulations, however, make no predictions about the co-location of
virulence and resistance genes in bacterial genomes. Indeed, one should note that the computer model did not need to
postulate their co-location to explain the positive correlation between the resistance and virulence genes’ diversities in
microbiomes observed over human microbiomes. However, one must ask whether the last eighty years of intensive
antibiotic use have put virulence and resistance genes together. As mentioned above, there is no correlation between
resistance and virulence genes’ diversities throughout genomes 4. Nevertheless, there are indirect signs of the selection
of antibiotic-resistant pathogens, given that some categories of resistance and virulence genes preferentially occur in the
same genome 84l For example, Darmancier et al. observed the co-occurrence between type VIl secretion systems and
fusidic acid resistance genes (641 fysidic acid is used, e.g., to treat methicillin-resistant S. aureus infections, and is also
active against tuberculosis 681691,

References

1. Anderson, R.M.; May, R.M. Infectious Diseases of Humans: Dynamics and Control; Oxford University Press: Oxford, U
K; New York, NY, USA, 1992; ISBN 978-0-19-854040-3.

2. Frank, S.A. Models of Parasite Virulence. Q. Rev. Biol. 1996, 71, 37-78.

3. Zeng, X.; Lin, J. Factors influencing horizontal gene transfer in the intestine. Anim. Health Res. Rev. 2017, 18, 153-15
9.

4. Mclnnes, R.S.; McCallum, G.E.; Lamberte, L.E.; van Schaik, W. Horizontal transfer of antibiotic resistance genes in the
human gut microbiome. Curr. Opin. Microbiol. 2020, 53, 35-43.

5. Brito, I.L. Examining horizontal gene transfer in microbial communities. Nat. Rev. Microbiol. 2021, 19, 442—-453.

6. Johnston, C.; Martin, B.; Fichant, G.; Polard, P.; Claverys, J.-P. Bacterial transformation: Distribution, shared mechanis
ms and divergent control. Nat. Rev. Microbiol. 2014, 12, 181-196.

7. Smillie, C.; Garcillan-Barcia, M.P.; Francia, M.V.; Rocha, E.P.C.; de la Cruz, F. Mobility of Plasmids. Microbiol. Mol. Biol.
Rev. 2010, 74, 434-452.

8. Sessions, S.K. Genome Size. In Brenner’s Encyclopedia of Genetics, 2nd ed.; Maloy, S., Hughes, K., Eds.; Elsevier: Lo
ndon, UK, 2013; Volume 3, pp. 144-151. ISBN 978-0-08-096156-9.

9. McGowan, J.E.; Tenover, F.C. Confronting bacterial resistance in healthcare settings: A crucial role for microbiologists.
Nat. Rev. Genet. 2004, 2, 251-258.

10. Dionisio, F.; Matic, I.; Radman, M.; Rodrigues, O.R.; Taddei, F. Plasmids Spread Very Fast in Heterogeneous Bacterial
Com-munities. Genetics 2002, 162, 1525-1532.



11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.
31.

32.

33.

34.

35.

36.

37.

Hall, J.P.J.; Wood, A.J.; Harrison, E.; Brockhurst, M.A. Source—sink plasmid transfer dynamics maintain gene mobility i
n soil bacterial communities. Proc. Natl. Acad. Sci. USA 2016, 113, 8260-8265.

Watts, D.J.; Strogatz, S.H. Collective dynamics of ‘small-world’ networks. Nature 1998, 393, 440-442.

Combadao, J.; Campos, P.R.A.; Dionisio, F.; Gordo, I. Small-world networks decrease the speed of Muller’s ratchet. Ge
net. Res. 2007, 89, 7-18.

Campos, P.R.A.; Combadéo, J.; Dionisio, F.; Gordo, I. Muller’s ratchet in random graphs and scale-free networks. Phy
S. Rev. E 2006, 74, 42901.

Lilieros, F.; Edling, C.R.; Amaral, L.A.N.; Stanley, H.E.; Aberg, Y. The web of human sexual contacts. Nature 2001, 411,
907-908.

Lilieros, F.; Edling, C.R.; Stanley, H.E.; Aberg, Y.; Amaral, L.A.N. Sexual contacts and epidemic thresholds. Nature 200
3, 423, 606.

Amaral, L.A.N.; Scala, A.; Barthélémy, M.; Stanley, H.E. Classes of small-world networks. Proc. Natl. Acad. Sci. USA 20
00, 97, 11149-11152.

Drake, J.W. A constant rate of spontaneous mutation in DNA-based microbes. Proc. Natl. Acad. Sci. USA 1991, 88, 716
0-7164.

Drake, J.W. The Distribution of Rates of Spontaneous Mutation over Viruses, Prokaryotes, and Eukaryotes. Ann. N. Y.
Acad. Sci. 1999, 870, 100-107.

Sung, W.; Ackerman, M.S.; Miller, S.F.; Doak, T.G.; Lynch, M. Drift-barrier hypothesis and mutation-rate evolution. Proc.
Natl. Acad. Sci. USA 2012, 109, 18488-18492.

Simsek, E.; Kim, M. Power-law tail in lag time distribution underlies bacterial persistence. Proc. Natl. Acad. Sci. USA 20
19, 116, 17635-17640.

Rebelo, J.S.; Domingues, C.P.F.; Monteiro, F.; Nogueira, T.; Dionisio, F. Bacterial persistence is essential for susceptibl
e cell survival in indirect resistance, mainly for lower cell densities. PLoS ONE 2021, 16, e0246500.

Brockmann, D.; Hufnagel, L.; Geisel, T. The scaling laws of human travel. Nature 2006, 439, 462—-465.

Gonzalez, M.C.; Hidalgo, C.A.; Barabasi, A.L. Understanding individual human mobility patterns. Nature 2008, 453, 77
9-782.

Pastor-Satorras, R.; Vespignani, A. Epidemic Spreading in Scale-Free Networks. Phys. Rev. Lett. 2001, 86, 3200-320
3.

Bogufia, M.; Pastor-Satorras, R.; Vespignani, A. Absence of Epidemic Threshold in Scale-Free Networks with Connecti
vity Correlations. Phys. Rev. Lett. 2003, 90, 28701.

Newman, M.E.J. Spread of epidemic disease on networks. Phys. Rev. E 2002, 66, 16128.

Schlosser, F.; Maier, B.F.; Jack, O.; Hinrichs, D.; Zachariae, A.; Brockmann, D. COVID-19 lockdown induces disease-mi
tigating structural changes in mobility networks. Proc. Natl. Acad. Sci. USA 2020, 117, 32883-32890.

Klemm, P.; Schembri, M.A. Bacterial adhesins: Function and structure. Int. J. Med. Microbiol. 2000, 290, 27-35.
Modi, R.l.; Adams, J. Coevolution in bacterial-plasmid populations. Evolution 1991, 45, 656—667.

Levin, B.R.; Lipsitch, M.; Perrot, V.; Schrag, S.; Antia, R.; Simonsen, L.; Walker, N.M.; Stewart, F.M. The Population Ge
netics of Antibiotic Resistance. Clin. Infect. Dis. 1997, 24, S9-S16.

Schrag, S.J.; Perrot, V.; Levin, B.R. Adaptation to the fitness costs of antibiotic resistance in Escherichia coli. Proc. R. S
oc. B Biol. Sci. 1997, 264, 1287-1291.

Bjorkman, J.; Nagaev, I.; Berg, O.G.; Hughes, D.; Andersson, D.l. Effects of Environment on Compensatory Mutations t
o Ameliorate Costs of Antibiotic Resistance. Science 2000, 287, 1479-1482.

Dahlberg, C.; Chao, L. Amelioration of the Cost of Conjugative Plasmid Carriage in Eschericha coli K12. Genetics 200
3, 165, 1641-1649.

Maisnier-Patin, S.; Andersson, D.I. Adaptation to the deleterious effects of antimicrobial drug resistance mutations by c
ompensatory evolution. Res. Microbiol. 2004, 155, 360-369.

Dionisio, F.; Conceicdo, |.; Marques, A.C.; Fernandes, L.; Gordo, |. The evolution of a conjugative plasmid and its ability
to increase bacterial fitness. Biol. Lett. 2005, 1, 250-252.

Nilsson, A.l.; Zorzet, A.; Kanth, A.; Dahlstrom, S.; Berg, O.G.; Andersson, D.l. Reducing the fitness cost of antibiotic resi
stance by amplification of initiator tRNA genes. Proc. Natl. Acad. Sci. USA 2006, 103, 6976-6981.



38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

Hall, J.P.J.; Wright, R.C.T.; Guymer, D.; Harrison, E.; Brockhurst, M.A. Extremely fast amelioration of plasmid fitness co
sts by multiple functionally diverse pathways. Microbiology 2020, 166, 56—62.

Sgrensen, M.E.S.; Wood, A.J.; Cameron, D.D.; Brockhurst, M.A. Rapid compensatory evolution can rescue low fitness
symbioses following partner switching. Curr. Biol. 2021, 31, 3721-3728.e4.

Brockhurst, M.A.; Harrison, E. Ecological and evolutionary solutions to the plasmid paradox. Trends Microbiol. 2022, 3
0, 534-543.

Trindade, S.; Sousa, A.; Xavier, K.B.; Dionisio, F.; Ferreira, M.G.; Gordo, |. Positive Epistasis Drives the Acquisition of
Multi-drug Resistance. PLoS Genet. 2009, 5, e1000578.

Silva, R.F.; Mendonga, S.C.M.; Carvalho, L.M.; Reis, A.M.; Gordo, |.; Trindade, S.; Dionisio, F. Pervasive Sign Epistasis
between Conjugative Plasmids and Drug-Resistance Chromosomal Mutations. PLoS Genet. 2011, 7, e1002181.

Millan, A.S.; Heilbron, K.; MacLean, R.C. Positive epistasis between co-infecting plasmids promotes plasmid survival in
bacterial populations. ISME J. 2014, 8, 601-612.

Gama, J.A,; Zilhdo, R.; Dionisio, F. Co-resident plasmids travel together. Plasmid 2017, 93, 24-29.

Gama, J.A.; Zilhdo, R.; Dionisio, F. Multiple plasmid interference—Pledging allegiance to my enemy’s enemy. Plasmid
2017, 93, 17-23.

Gama, J.A.; Zilhdo, R.; Dionisio, F. Conjugation efficiency depends on intra and intercellular interactions between distin
ct plasmids: Plasmids promote the immigration of other plasmids but repress co-colonizing plasmids. Plasmid 2017, 93,
6-16.

Gama, J.A.; Fredheim, E.G.A.; Cléon, F.; Reis, A.M.; Zilhdo, R.; Dionisio, F. Dominance between Plasmids Determines
the Extent of Biofilm Formation. Front. Microbiol. 2020, 11, 2070.

Gama, J.A,; Zilhdo, R.; Dionisio, F. Plasmid Interactions Can Improve Plasmid Persistence in Bacterial Populations. Fro
nt. Microbiol. 2020, 11, 2033.

Zwanzig, M.; Harrison, E.; Brockhurst, M.A.; Hall, J.P.J.; Berendonk, T.U.; Berger, U. Mobile Compensatory Mutations P
romote Plasmid Survival. mSystems 2019, 4, e00186-18.

Valle, A.A.-D.; Leén-Sampedro, R.; Rodriguez-Beltran, J.; DelaFuente, J.; Herndndez-Garcia, M.; Ruiz-Garbajosa, P.;
Canton, R.; Pefia-Miller, R.; Millan, A.S. Variability of plasmid fitness effects contributes to plasmid persistence in bacter
ial communities. Nat. Commun. 2021, 12, 2653.

Dionisio, F.; Nogueira, T.; Carvalho, L.M.; Mendes-Soares, H.; Mendonga, S.C.; Domingues, |.; Moreira, B.; Reis, A.M.
What Maintains Plasmids among Bacteria. In Horizontal Gene Transfer in Microorganisms; Caister Academic Press: No
rwich, UK, 2012; pp. 131-154.

Domingues, C.P.F.; Rebelo, J.S.; Monteiro, F.; Nogueira, T.; Dionisio, F. Harmful behaviour through plasmid transfer: A
successful evolutionary strategy of bacteria harbouring conjugative plasmids. Philos. Trans. R. Soc. B Biol. Sci. 2022, 3
77,20200473.

Ghigo, J.-M. Natural conjugative plasmids induce bacterial biofilm development. Nature 2001, 412, 442—-445.

Reisner, A.; Héller, B.M.; Molin, S.; Zechner, E.L. Synergistic Effects in Mixed Escherichia coli Biofilms: Conjugative Pla
smid Transfer Drives Biofilm Expansion. J. Bacteriol. 2006, 188, 3582—-3588.

Davies, J.; Davies, D. Origins and Evolution of Antibiotic Resistance. Microbiol. Mol. Biol. Rev. 2010, 74, 417-433.

Escudeiro, P.; Pothier, J.; Dionisio, F.; Nogueira, T. Antibiotic Resistance Gene Diversity and Virulence Gene Diversity A
re Correlated in Human Gut and Environmental Microbiomes. mSphere 2019, 4, e00135-19.

Beceiro, A.; Tomas, M.; Bou, G. Antimicrobial Resistance and Virulence: A Successful or Deleterious Association in the
Bacterial World? Clin. Microbiol. Rev. 2013, 26, 185-230.

Deng, Y.; Xu, L.; Liu, S.; Wang, Q.; Guo, Z.; Chen, C.; Feng, J. What drives changes in the virulence and antibiotic resi
stance of Vibrio harveyi in the South China Sea? J. Fish Dis. 2020, 43, 853—-862.

Pan, Y.; Zeng, J.; Li, L.; Yang, J.; Tang, Z.; Xiong, W.; Li, Y.; Chen, S.; Zeng, Z. Coexistence of Antibiotic Resistance Ge
nes and Virulence Factors Deciphered by Large-Scale Complete Genome Analysis. mSystems 2020, 5, e00821-19.

Canteodn, R. Antibiotic resistance genes from the environment: A perspective through newly identified antibiotic resistan
ce mechanisms in the clinical setting. Clin. Microbiol. Infect. 2009, 15, 20-25.

Martinez, J.L. The role of natural environments in the evolution of resistance traits in pathogenic bacteria. Proc. R. Soc.
B Biol. Sci. 2009, 276, 2521-2530.

Allen, H.K.; Donato, J.; Wang, H.H.; Cloud-Hansen, K.A.; Davies, J.; Handelsman, J. Call of the wild: Antibiotic resistan
ce genes in natural environments. Nat. Rev. Microbiol. 2010, 8, 251-259.



63.

64.

65.

66.

67.

68.

69.

Castanon, J.I.R. History of the Use of Antibiotic as Growth Promoters in European Poultry Feeds. Poult. Sci. 2007, 86,
2466-2471.

Darmancier, H.; Domingues, C.P.F.; Rebelo, J.S.; Amaro, A.; Dionisio, F.; Pothier, J.; Serra, O.; Nogueira, T. Are Virulen
ce and Antibiotic Resistance Genes Linked? A Comprehensive Analysis of Bacterial Chromosomes and Plasmids. Antib
iotics 2022, 11, 706.

Cho, |.; Blaser, M.J. The human microbiome: At the interface of health and disease. Nat. Rev. Genet. 2012, 13, 260-27
0.

Domingues, C.P.F.; Rebelo, J.S.; Pothier, J.; Monteiro, F.; Nogueira, T.; Dionisio, F. The Perfect Condition for the Rising
of Superbugs: Person-to-Person Contact and Antibiotic Use Are the Key Factors Responsible for the Positive Correlatio
n between Antibiotic Resistance Gene Diversity and Virulence Gene Diversity in Human Metagenomes. Antibiotics 202
1, 10, 605.

Valentino, V.; Sequino, G.; Cobo-Diaz, J.F.; Alvarez-Ordéfiez, A.; De Filippis, F.; Ercolini, D. Evidence of virulence and
antibiotic resistance genes from the microbiome mapping in minimally processed vegetables producing facilities. Food
Res. Int. 2022, 162, 112202.

Carr, W.; Kurbatova, E.; Starks, A.; Goswami, N.; Allen, L.; Winston, C. Interim Guidance: 4-Month Rifapentine-Moxiflox
acin Regimen for the Treatment of Drug-Susceptible Pulmonary Tuberculosis—United States. MMWR. Morb. Mortal. W
kly. Rep. 2022, 71, 285-289.

Chambers, H.F,; DeLeo, F.R. Waves of resistance: Staphylococcus aureus in the antibiotic era. Nat. Rev. Microbiol. 200
9,7,629-641.

Retrieved from https://encyclopedia.pub/entry/history/show/91975



